Abstract. Pharmacological postconditioning using cardioprotective agents is able to reduce myocardial infarct size. Notoginsenoside R1 (NG-R1), a phytoestrogen isolated from Panax notoginseng saponins (PNS), is considered to have anti-oxidative and anti-apoptotic properties. However, its cardioprotective properties and underlying mechanisms remain largely unknown. The aim of the present study was to determine the cardioprotective and anti-apoptotic effects of NG-R1 in an ischemia-reperfusion (IR)-induced myocardial injury rabbit model. A total of 45 Japanese big-ear rabbits were equally randomized to three groups: Control group, remote ischemic postconditioning (RIP) group and NG-R1 intervention group. At the endpoint of the experiment, the animals were sacrificed to remove myocardial tissues for the detection of transforming growth factor (TGF)-β1-TGF-β activated kinase 1 (TAK1) pathway-related proteins by immunohistochemistry and western blot analysis, the activities of caspase-3, -8 and -9 in myocardial cells by fluorometric assay, and the apoptosis of myocardial cells by terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling. Right and left lung tissues were stained with hematoxylin and eosin (H&E) to observe the severity of injury. NG-R1 treatment reduced the activity of superoxide dismutase, increased the content of malondialdehyde, reduced the activities of caspase-3, -8 and -9, and inhibited the apoptosis of myocardial cells in rabbits undergoing RIP. In addition, the expression of TGF-β1-TAK1 signaling pathway-related proteins was downregulated following NG-R1 intervention. H&E staining of bilateral lung tissues showed that cell morphology was generally intact without significant alveolar congestion, and there was no significant difference among the three groups. These results indicate that NG-R1 protects the heart against IR injury, possibly by inhibiting the activation of the TGF-β1-TAK1 signaling pathway and attenuating apoptotic stress in the myocardium.
Introduction
Rapid reperfusion is generally accepted as the most effective therapy for ischemia-induced initial damage during acute myocardial infarction; however, further tissue damage ensues during the early reperfusion period. Various strategies, including postconditioning maneuvers, have been proposed to reduce the reperfusion injury. Postconditioning can be achieved by short repetitive occlusions of the infarcted vessel prior to permanent opening (ischemic postconditioning), or by the use of cardioprotective substances (pharmacological postconditioning) prior to permanent reperfusion (1) . These two methods involve a number of endogenously produced humoral and local factors (2) .
The cardioprotective effect of postconditioning is attributed to the activation of transforming growth factor (TGF)-β1 and TGF-β activated kinase 1 (TAK1) (3, 4) . TAK1 is a member of the mitogen-activated protein kinase (MAPK) family and is believed to be involved in various biological responses, including apoptosis, inflammation, differentiation and survival in different cell types (5) (6) (7) . Acidification-induced activation of TAK1 can activate mitogen-activated protein kinase kinase-3 and -6 (MKK3/6; MAPKK) and p38 MAPK (8) . Studies have shown that the in vivo activation of TAK1 in mice can further active p38 MAPK, thus increasing inflammatory factors and inducing myocardial cell apoptosis or even death (9) (10) (11) (12) .
Panax notoginseng saponin (PNS) is the principal active component of the plant Panax notoginseng. In a study of ischemia and the protective effect of PNS pretreatment against myocardial ischemia-reperfusion (IR) injury (IRI), Dong et al (13) found that PNS pretreatment attenuated myocardial IRI by inhibiting the release of tumor necrosis factor (TNF)-α, playing a delayed protective role in IRI.
Notoginsenoside R1 (NG-R1) is the principal component responsible for the cardiovascular activity of PNS. Zhang and Wang (14) found that NG-R1 could protect smooth muscle cells by inhibiting the production of fibronectin induced by TNF-α, in smooth muscle cells via inhibiting the generation of reactive oxygen species and extracellular signal-regulated kinase (ERK) activation. Furthermore, NG-R1 inhibited TNF-α-induced overexpression of PAI-1 in human aortic smooth muscle cells by inhibiting the ERK/PKB pathway (15) .
A previous study (16) found that although ischemic postconditioning can reduce myocardial enzyme activity and areas of myocardial infarction, impairment of the myocardium may still occur. In the present study, a rabbit lung ischemic postconditioning myocardial model of IRI was established in order to observe whether NG-R1 acts against the induced activation of the TGF-β1/TAK1 pathway in postconditioning using rabbit lungs as the remote organ, and explore the cardioprotective effect of NG-R1 against IRI.
Materials and methods
Materials. NG-R1 was purchased from Shanghai University of Traditional Chinese Medicine (Shanghai, China). The molecular structure of NG-R1 is shown in Fig. 1A . All tissue culture materials were Hyclone (GE Healthcare Life Sciences, South Logan, UT, USA). All other antibodies were from Santa Cruz Biotechnology Inc., (Dallas, TX, USA). All chemicals were from Sigma-Aldrich (St. Louis, MO, USA).
Animal grouping. All animal care and experimental protocols were approved by the Ethics Committee of Fudan University School of Basic Medical Sciences (Shanghai, China). All experiments involving animals were reported in accordance with the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines for reporting experiments involving animals (17) . Forty-five male Japanese big-ear rabbits (Fudan University Department of Laboratory Animal Science) weighing 2.1±0.2 kg were equally randomized to three groups: Control group, where the coronary left anterior descending (LAD) branch was ligated and occluded for 30 min, and then released for myocardial reperfusion for 180 min; remote ischemic postconditioning (RIP) group, where following 24 min of LAD occlusion, the left pulmonary artery was occluded for 3 min and then released for 3 min, and then the LAD was released for myocardial reperfusion for 180 min; NG-R1 group, where the LAD was occluded for 24 min, then the left pulmonary artery was occluded for 3 min and then released for 3 min; at the same time, GN-R1 was injected intravenously (i.v.) at a dose of 25 mg/kg; finally LAD was released for myocardial reperfusion for 180 min. At the end of the experiment, the animals were sacrificed by i.v. injection of pentobarbital (Sigma-Aldrich) at a dose of 50 mg/kg. The heart and lung tissues were removed, fixed in 4% buffered paraformaldehyde for histological and immunohistochemical analysis, and frozen in liquid nitrogen for protein analysis. Blood samples obtained from the left jugular vein were stored in a -20˚C freezer for superoxide dismutase (SOD) and malondialdehyde (MDA) activity assays.
Establishment of the myocardial IR model and the pulmonary artery ischemic postconditioning model. Parameters of the animal respirator (Zhejiang University Medical Instrument Factory Co., Ltd., Zhejiang, China) were set at tidal volume 21 ml, respiratory rate 60 breaths/min, and respiratory quotient 1:3. Animals were anesthetized with 3 mg/kg pentobarbital via the auricular vein, fixed on an operating table and shaved at the neck, where a median incision was made. The trachea was isolated, opened in a ʻTʼ shape, intubated and connected to the respirator for volume control-assisted ventilation. The left jugular vein was isolated. The pin electrodes of the electrocardiogram (ECG) limb leads were punctured into the muscle of the four extremities to record the basic ECG. The skin at 1.0 cm left to the sternum was incised to isolate the muscle and expose the ribs. Using #1 Mersilk suture, the internal mammary artery and vein were ligated at the second costal space. The third and fourth ribs were cut apart; the pericardium was lifted with a flat forceps, opened longitudinally with a pair of ophthalmological scissors, and fixed on the thoracic wall with small curved forceps. After exposing the heart and finding the LAD on the surface of the left ventricle, a 6-0 Prolene suture was penetrated across the superficial cardiac muscle from the inferior aspect of the LAD 1.5-2.0 cm interior to the lower edge of the left atrial appendage and clamped with a rubber sleeve. After 30 min of occlusion, the heart was reperfused for 180 min. The establishment of the myocardial IR model was verified by ECG: Significant elevation of the S-T segment indicated the successful establishment of the model. The small curved forceps were released, the pericardium and the heart were pushed to the right side to expose the left lung hilus, as the left pulmonary artery lies in the inferior aspect of the left superior pulmonary vein. The pulmonary arterial space was isolated to the left main bronchus with a pair of ophthalmological scissors. The left pulmonary artery was clamped with a noninvasive artery clamp at a site close to the left main bronchus.
Histological evaluation of the lung. Lung specimens were fixed in 10% buffered formalin, embedded in paraffin, sliced into 4-µm sections, stained with hematoxylin and eosin (H&E), and analyzed histologically using a Nikon Eclipse TE200 microscope (Nikon Corporation, Tokyo, Japan).
Immunohistochemical evaluation. TGF-β1 and TAKl proteins were analyzed immunohistochemically as previously described with some modifications (18) . In brief, myocardial tissues were deparaffinized in xylene and rehydrated using graded alcohol. For antigen retrieval, the tissues were treated with boiling sodium citrate buffer (10 mM; Sigma-Aldrich) for 10 min, followed by immunohistochemical staining with BioModule IHC staining kits, according to the manufacturer's protocol (Thermo Fisher Scientific, Inc., Waltham, MA, USA). After blocking endogenous peroxidase activity with peroxidase blocker, the sections were incubated with TGF-β1 (1:200) or TAKl (1:500)-biotinylated primary antibodies for 15 min. Subsequently, membranes were incubated with 200 µl streptavidin-horseradish peroxidase (HRP) for 15 min, exposed to diaminobenzidine substrate chromagen for 5 sec, and finally dipped in weak ammonia (0.037 mol/l) 10 times. Brown staining on the slides indicated positive immunohistochemical staining as observed under a Nikon Eclipse E200-LED microscope (Nikon Corporation).
Apoptosis assay of the heart tissue. Following three washes with phosphate-buffered saline, cardiac tissue was fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100 sodium citrate buffer. Then, an In Situ Cell Death Detection kit (Roche Applied Science, Quebec, Canada) was used to label apoptotic cells, and the nuclei were stained with 4' ,6-diamidino-2-phenylindole. Cells were imaged by fluorescence microscopy (Nikon Elipse E800; Nikon Corporation). The number of total cells and terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL)-positive cells was automatically counted by Image-Pro Plus 7.0 for Windows (Media Cybernetics,. Inc., Rockville, MD, USA). The apoptosis index was defined as the ratio of apoptotic cells to total cells.
Western blot analysis. The heart tissue was crushed in liquid nitrogen, homogenized in lysis buffer (Sigma-Aldrich), and kept on ice for 30 min, as previously described (19) . Following centrifugation at 10,000 x g for 15 min at 48˚C, the total protein content in the supernatant was determined using the Bradford assay, with bovine serum albumin (Sigma-Aldrich) as the standard. The sample (20-40 µg of protein per lane) was dissolved in Laemmli buffer (Bio-Rad Laboratories, Hercules, CA, USA) and boiled for 5 min. The proteins were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane. Following washing with 25 ml Tris-buffered saline (TBS) for 5 min at room temperature, to block nonspecific antibody-binding sites, the membrane was incubated for 1 h in 5% non-fat dried milk powder in TBS-Tween 20 (TBST) solution at room temperature and then washed with 15 ml TBST three times for 5 min. The blots were then incubated for 1 h with primary mouse anti-TGF-β1 and anti-TAK1 (1:100; sc-7162) polyclonal antibodies and in 1% non-fat dried milk powder in TBST. After three washes with 15 ml TBST for 5 min, the blots were incubated with HRP-conjugated anti-mouse antibody (1:10,000; sc-2354) for 1 h at room temperature and washed three times with 15 ml TBST for 5 min. Immunoreactive proteins were detected by chemiluminescence using ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences, Chalfont, UK). The intensities of the bands were analyzed densitometrically using Image Lab 5.0 software (Bio-Rad Laboratories).
Determination of lipid peroxidation activity.
To measure the concentration of MDA, a thiobarbituric acid reactive substance (TBARS) assay (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was performed as described previously (20) . In brief, 4 ml venous blood sample was centrifuged at 3,234 x g for 5 min and the upper-layer plasma was collected. Then, 1 ml plasma was mixed with 20% trichloroacetic acid solution and 0.67% 2-thiobarbituric acid followed by heating in q water bath (95˚C) for 30 min. Next, the MDA concentration of the obtained supernatant was determined using a Beckman DU800 UV/Vis spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA) at 532 nm.
Determination of SOD activity. The activity of SOD was estimated by determining its potential to suppress the photochemical reaction of nitroblue tetrazolium (NBT), as previously described by Sun et al (21) . In this assay, 4 ml venous blood was centrifuged at 3,234 x g for 5 min and the upper-layer plasma was harvested. In a dark chamber, the reactant (1 ml, 50 mM phosphate buffer, 100 nM EDTA and 13 mM l-methionine, pH 7.8) was mixed with the resulting supernatant (30 µl), NBT (150 µl, 75 µM) and riboflavin (300 µl, 2 µM). The resulting solution was exposed to fluorescent light bulbs (15 W) for 15 min and the absorbance was determined at 560 nm wavelength using a spectrophotometer.
Caspase-3, -8 and -9 activity assay. Caspase-3, -8 and -9 activities in the myocardium were measured using a Fluorometric Assay kit (BioVision, Inc., Mountain View, CA, USA) according to the manufacturer's instructions. The samples were read in a Fluoroskan Ascent FL Fluorometer (Thermo Fisher Scientific, Inc.) using 400-nm excitation and 505-nm emission wavelengths.
Statistical analysis. Data were analyzed using SPSS software, version 18.0 (SPSS, Inc., Chicago, IL, USA). Comparisons between two groups were performed using the t-test, and comparisons between three or more groups were performed by analysis of variance. A P-value <0.05 was considered to indicate a statistically significant difference. Fig. 2 , observation under an optical microscope showed that the structures of the H&E-stained bilateral lungs were generally intact, with a trace amount of exudation seen in all groups. A small number of vacuoles were visible in the alveolar cells of both lungs. No significant difference in the structure of bilateral lungs was observed among the three groups.
Results

Histological assessment of the lung tissue. As shown in
Immunohistochemistry. The anti TGF-β1 immunohistochemically stained sections of myocardium from rabbits in the control group showed only a small number of brown-yellow particles aggregated in the edge of the cytoplasm, indicating low-level expression of TGF-β1 in the control group (Fig. 3A) . 
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A greater number of brown-yellow particles were visible in the NG-R1 group (Fig. 3C ), but they were significantly fewer than those in the RIP group (P<0.05; Fig. 3B ), indicating that the expression of TGF-β1 was increased significantly following the establishment of the myocardial IR model and decreased significantly by NG-R1 treatment. A large number of brown-yellow particles were observed in the cytoplasm of the anti-TAK1 rabbit myocardial sections in the RIP group (Fig. 3E) , and the TAK1 expression in the control (Fig. 3D ) and NG-R1 (Fig. 3B ) groups was relatively low (P<0.05), indicating that the expression level of TAK1 was increased following myocardial IR and significantly reduced by treatment with NG-R1.
Assessment of apoptosis and regulation of apoptosis-related enzyme expression in the myocardium.
Apoptotic damage has been implicated in cardiac injury during sepsis and septic shock (22) . To determine whether the observed cardioprotective effect of NG-R1 against IR-induced cardiac injury was associated with apoptosis, the apoptotic index of the rabbit heart tissue was assessed (Fig. 4A-D) . A significantly larger number of TUNEL-positive cells were observed in the rabbit cardiac sections in the RIP group as compared with the control and NG-R1 groups. As shown in Fig. 4E -G, myocardial caspase-3, -8 and -9 activation was increased in the RIP group as compared with that in the control and NG-R1 groups, indicating that apoptotic damage was induced in the myocardium of the RIP group, and NG-R1 attenuated the increase in caspase activity. 
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Assessment of serum MDA and SOD. To determine the effects of modeling and treatment on lipid peroxidation and oxidative stress, the MDA level in the blood was determined. It was found that the MDA level in the RIP group was significantly lower than that in the control and NG-R1 groups (7.97±0.42 vs. 12.33±0.61 and 11.20±0.51 mol/ml, respectively; P<0.05).
There was no significant difference in MDA activity between the control and NG-R1 groups (Table I ). The SOD activity in the RIP group was significantly higher than that in the control and NG-R1 groups (146.31±31.22 vs. 102.31±35.81 and 99.20±32.58 U/m1, respectively; P<0.05). No significant difference in SOD activity was observed between the control and NG-R1 groups (Table I) .
Assessment of TGF-β1-TAK1 pathway protein expression in the myocardium. Western blot analysis of the myocardial injury showed that NG-R1 treatment caused significant downregulation of TGF-β1, TAK1, p-p38 MAPK and MEK3/6 protein expression levels as compared with those in the RIP group (P<0.01; Fig. 5 ). There was no significant difference in TGF-β1, TAK1, p-p38 MAPK and MEK3/6 protein expression levels between the control and NG-R1 groups. The expression of p38 MAPK was downregulated in the control group as compared with that in the RIP and NG-R1 groups (P<0.01; Fig. 5 ).
Discussion
NG-R1 is a phytoestrogen isolated from PNS that is considered to have anti-apoptotic and anti-oxidative properties (14, 23, 24) . However, its cardioprotective properties and underlying mechanisms remain largely unknown. In the present study, a series of experiments were performed to determine whether NG-R1 was able to ameliorate the apoptosis of myocardial cells in rabbits. The results demonstrated that i) NG-R1 significantly attenuated myocardial apoptosis in IR; ii) the plasma MDA content was increased significantly and plasma SOD activity was decreased significantly following NG-R1 treatment; and iii) NG-R1 prevented activation of the TGF-β1-TAK1 pathway and the subsequent myocardial apoptotic response, and reduced the levels of TAK1, p-p38 MAPK and MEK3/6. It has been reported (25, 26) that pulmonary vascular endothelial cells are relatively resistant to IR. In the present study, the rabbit lung was used as the remote organ. The H&E-stained structure of bilateral lungs was generally intact in all three groups and no significant difference was identified among them, suggesting that the experiment was safe and reliable because it had little impact on the organ.
SOD is a specific anti-oxidative enzymes in the body (27) . When the myocardium undergoes ischemia and reperfusion, the SOD activity decreased and the MDA content increased (28) . The results of the present study showed that the plasma SOD activity was increased and the MDA content was decreased significantly in the RIP group as compared with that in the NG-R1 and control groups.
The TGF-β1-TAK1 signaling pathway plays an important role in the process of apoptosis of various cell types (29, 30) by simulating the synthesis of apoptosis-related proteins and increasing the activity of caspase-3 and caspase-9 (31, 32) . The expression of TGF-β1 was significantly increased in the myocardial tissue of rabbits with myocardial infarction, and the expression levels of the associated TAK1, p38 MAPK and p-p38 MAPK proteins were also elevated, probably because p38 MAPK was actively phosphorylated into p-p38 MAPK following the activation of TAK1 by TGF-β1, resulting in myocardial apoptosis (33) . Previous studies (34-36) observed Figure 5 . Effects of RIP and NG-R1 on TGF-β1, TAK1, p38 MAPK, p-p38 MAPK and MEK3/6 in the heart tissue (n=8 per group). Expression levels of (A) TGF-β1, (B) TAK1, (C) p38 MAPK, (D) p-p38 MAPK and (E) MEK3/6 protein levels as determined by blot analysis using tubulin as a reference. * P<0.01 vs. the control group; θ P<0.01 vs. the RIP group. RIP, remote ischemic postconditioning; NG-R1, notoginsenoside R1; TGF, transforming growth factor; TAK1, TGF-β activated kinase 1; MAPK, mitogen-activated protein kinase; p, phosphorylated; MEK, MAPK kinase.
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the expression and activation of TGF-β1-TAK1 signaling proteins in the myocardium around the infarcted areas and found that TGF-β1 synthesis was increased markedly, and TAK1, MEK3/6 and p38 MAPK were activated correspondingly. In the present study, immunohistochemistry and western blot analysis showed that the expression levels of TGF-β1, TAK1 and p38 MAPK signaling pathway-related proteins were decreased in the NG-R1 group as compared with those in the control group, indicating that the anti-myocardial apoptosis effect of NG-R1 may be associated with this signaling pathway. The present study also showed that NG-R1 intervention prevented apoptotic damage in the myocardium. Apoptosis is recognized as a major contributor to IR-induced myocardial injury (37) . In the present study, the increased activity of caspase-3, -8 and -9 in the IR-induced heart was attenuated following NG-R1 intervention. This finding was also supported by the lower number of TUNEL-positive cells in the hearts of NG-R1 treated rabbits as compared with that in the RIP group.
A previous study has focused on the protective effect of NG-R1 in myocardially infarcted rats (38) . In the present study, the main aim was to investigate whether NG-R1 reduced IR-induced myocardial injury through the TGF-β1-TAK1 signaling pathway. The results showed that NG-R1 purified from the Chinese medicinal herb PNS has potential therapeutic activity against IR-induced myocardial injury.
In summary, the present study showed that treatment with NG-R1 attenuated IR-induced myocardial apoptosis and prevented a myocardial apoptotic response in rabbits. The mechanism underlying this cardioprotective effect of NG-R1 may be associated with its effect of inhibiting the activation of the TGF-β1-TAK1 signaling pathway. These findings demonstrate the potential of NG-R1 for the treatment of IR-induced cardiac injury. Further study on the action mechanism of NG-R1 in a RIP animal model using the lung as the target organ may be beneficial to the clinical treatment of patients with myocardial infarction and research into perioperative myocardial protection.
